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The level of p53 is markedly increased in human cells in response to expression of the Ad12 E1A proteins and, quite
separately, to the Ad12 E1B 54K protein. The behaviour of p53 in these two circumstances has been examined using A549
cells infected with Ad12 dl620 (a mutant virus which does not express the larger E1B protein and is replication-defective)
and human skin fibroblasts expressing the Ad12 E1B 54K protein (HSF 54K). In normal and E1A-expressing A549 cells, p53
is located predominantly in the nucleus, whereas in the HSF 54K cells it is primarily cytoplasmic as is the Ad12 E1B 54K
protein. The half-life of p53 is increased in Ad12 dl620-infected A549 cells from about 10 min (in uninfected cells) to 2 hr.
The half-life of p53 in HSF 54K cells is even longer—probably in excess of 48 hr. The capacity of p53 to regulate transcription
was assessed using a transfected CAT construct linked to p53-responsive elements. p53 transcriptional activity was very
low in the HSF 54K cells and in human embryo kidney cells expressing the Ad12 E1B 54K protein (and p53) at high level.
It was, however, dramatically increased in response to the p53 expressed as a result of E1A expression. Additionally, MDM2
was present at low level in the HSF 54K cell lines, whilst, as we have previously shown, it is overexpressed in response
to infection with Ad12 dl620. We conclude that there are two distinct mechanisms for up-regulation of p53 attributable to
the adenovirus E1 proteins. When E1A only is present the p53 is nuclear and transcriptionally active and can probably
induce apoptosis in the absence of the E1B 19K protein. When the E1B 54K protein is present, however, p53 is transcription-
ally inactive and does not induce apoptosis. q 1996 Academic Press, Inc.
INTRODUCTION interactions that the viral protein can alter the growth
characteristics of the recipient cells. Interestingly, it has
It has long been established that primary human and
recently been demonstrated that expression of E1A in the
rodent cells in culture can be transformed by a combina-
absence of E1B also induces apoptosis in cells, probably
tion of adenovirus early region 1A (E1A) and E1B genes
largely through the induction of p53 expression (Rao et
(reviewed Bernards and van der Eb, 1984; Gallimore et
al., 1992; White et al., 1992; Lowe and Ruley, 1993; Deb-
al., 1985a). Transfection of Ad E1A DNA alone results in
bas and White, 1993; Teodaro et al., 1995). This may
abortive transformation of human cells (Gallimore et al.,
account for the difficulty encountered in turning the large
1985b) but allows the isolation of a very limited number of
number of E1A-induced transformed foci into stable E1A-
permanently transformed cell lines from rodent cultures,
containing transformed cell lines (Gallimore et al., 1986;
albeit with a ‘‘partially transformed’’ phenotype (Gallimore
Rao et al., 1992; White et al., 1992).
et al., 1985b). The Ad E1B gene has previously been It is now becoming apparent that one of the major
shown to have no transforming capability of its own (van roles of the adenovirus E1B proteins during viral infection
den Elsen et al., 1983) but cooperates with E1A to in- is to protect cells from E1A-induced apoptosis, presum-
crease the frequency of transformation markedly (Galli- ably to allow enough time for the virus to replicate before
more et al., 1985b; Montell et al., 1984). the cellular transcriptional–translational mechanism be-
The adenovirus 12 E1A gene encodes two major pro- comes inoperable. This appears to be achieved in two
teins which are identical over most of their length except ways. First, the larger E1B protein functions to reduce
for a short fragment of 31 residues located towards the expression of cellular protein to a very low level by shut-
C terminus of the larger molecule (reviewed Shenk and ting off host cell mRNA metabolism (reviewed Stillman,
Flint, 1991; Boulanger and Blair, 1991). E1A forms stable 1986). Additionally, it is possible that the viral protein
complexes with a number of cellular components, sev- could bind to (Braithwaite et al., 1991), and thereby inacti-
eral of which are involved in the up-regulation of DNA vate, the small amounts of p53 present in the infected
transcription (Shenk and Flint, 1991; Moran, 1993; Nev- cell. Second, the smaller E1B protein adopts a Bcl2-like
ins, 1992). It is considered that it is largely through these role inhibiting DNA degradation (apoptosis) which could
arise by a p53-independent mechanism (Teodaro et al.,
1995). During transformation the E1B proteins perform a1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 0121-414 4486. similar protective anti-apoptotic function, although the
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FIG. 1. Protein expression in Ad12 E1B 54K human skin fibroblasts. (A) Western blots of aliquots from HSF Ad12 E1B 54K cell lines. (Top) Using
an antibody against the Ad12 E1B 54K protein, (bottom) using an antibody against p53; the right-hand segment shows a longer exposure of part
of the left-hand segment. The cell lines shown are H2, Ad12 E1 HER2; H10, Ad12 E1 HER10; FE, HSF 54K E; FC, HSF 54K C; and Fib, primary
human fibroblasts. (B) p53 status of HSF Ad12 E1B 54K cell lines. Lysates of HSF 54K cells were immunoprecipitated with antibodies against p53,
1, pab 421; 2, pab 1801 and pab 240; and Western blotted with a sheep polyclonal antibody (SAPU) which recognises both mutant and wt p53. The
cell lines used are indicated: HER2, Ad12 E1 HER2 cells. (C) The interaction between Ad12 E1B 54K protein and p53 in HSF 54K cells. Cell extracts
were immunoprecipitated with antibodies raised against either p53 (pab 421) or Ad12 E1B 54K (XPH9) as indicated. Immunoprecipitated proteins
were fractionated on polyacrylamide gels and then subjected to Western blotting using SAPU. Cell lines: 1 and 4, Ad12 E1 HER2; 2 and 5, HSF
54K C; 3 and 6, HSF 54K E.
larger E1B protein achieves this by somewhat different (HSF) cells with an amphotropic retrovirus containing
DNA encoding the Ad12 E1B 54K protein. The Ad12 E1Bmeans. It binds directly to p53 in Ad5-transformed cells
54K human embryo kidney (HEK) cell lines were pro-(Sarnow et al., 1982) and to a lesser extent in Ad12-
duced by infection of HEKs with the same virus. A de-transformed cells (Grand et al., 1994), rendering the p53
tailed description of the production and characterisationtranscriptionally inactive (Yew and Berk, 1992; Yew et al.,
of these cell lines will be published elsewhere (P. H.1994; Grand et al., 1995a). These E1B proteins are also
Gallimore et al., manuscript in preparation). Ad12 E1capable of transcriptional repression independently of
HER2 and HER10 cells were derived by transfection ofp53 binding (Yew and Berk, 1992; Yew et al., 1994) in
Ad12 E1 DNA into human embryo retinal (HER) cellsaddition to being able to up-regulate the level of expres-
(Byrd et al., 1982).sion of p53 (Grand et al., 1993; van den Heuval et al.,
1993). Mutant viruses and viral infection
In the present report, we have examined whether p53 Ad12 dl620 contains a deletion between bp 2129 and
expressed at high level in response to E1A has similar 2825 in the Ad12 E1B gene and fails to express the E1B
properties to the protein seen in Ad12 E1B 54K-only con- 54K protein, with expression of E1A and the E1B 19K
taining cells. Whilst both adenovirus proteins cause up- protein occurring at levels slightly lower than in wild-type
regulation of p53 expression by extending the half-life of (wt) virus-infected cells (Byrd et al., 1988). This virus, like
the protein, subcellular localisation is different in the two other Ad12 mutants which do not express the 54K E1B
cases. Perhaps more importantly, the p53 present in E1A- protein, is replication-defective. Ad12 pm700 has a point
containing cells is able to activate a reporter gene, mutation at bp 1543 in the E1B gene and does not ex-
whereas that present in the Ad12 E1B 54K-containing press the E1B 19K protein (Edbauer et al., 1988). A549
cells is not. Interestingly, in this latter group the expres- cells, which express wt p53 (Lehman et al., 1991), were
sion of MDM2 is somewhat reduced (compared to pri- infected at a multiplicity of infection (m.o.i.) of 200 PFU
mary cells), whereas in the former group it is increased. per cell for the times indicated and then harvested. A549
cells were infected with Ad12 wt virus at a m.o.i. of 50
MATERIALS AND METHODS PFU cell.
Cell lines Analytical methods
The Ad12 E1B 54K human skin fibroblast (HSF 54K) cell In infected cells adenovirus early region 1 proteins,
p53 and MDM2 were detected by Western blotting. Atlines were produced by infection of human skin fibroblast
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appropriate times after the onset of infection, cells were to E1A expression the reporter construct was transfected
into A549 cells. Forty-eight hours later, the cells wererinsed twice in ice-cold saline, harvested, and solubilised
in 9 M urea 50 mM Tris– HCl, pH 7.4, 0.15 M b-mercapto- infected with Ad12 dl620 in the usual way and then har-
vested at appropriate times.ethanol. Aliquots containing equal amounts of protein
were fractionated on 12% polyacrylamide gels and then
subjected to Western blotting using appropriate antibod- RESULTS
ies. Proteins were visualised using the ECL procedure.
It has recently been shown that the adenovirus E1A
When required, relative levels of protein expression were
proteins are capable of up-regulating the expression of
determined by densitometric scanning of Western blots
p53 (Lowe and Ruley, 1993; Grand et al., 1994). However,
using an LKB Ultrascan XL laser densitometer coupled
it has also been established that the level of expression
to an IBM 486 PC for data handling. p53 was detected
of p53 is appreciably higher in adenovirus transformants
using a polyclonal sheep serum (SAPU) or the mono-
when the larger E1B protein is present (Zantema et al.,
clonal antibodies pab 421 or 1801 (a kind gift from Profes-
1985a; Grand and Gallimore, 1986; Mak et al., 1988). We
sor David Lane, University of Dundee). Ad12 E1B 54K
therefore considered that it was of some importance to
protein was detected using the mouse monoclonal anti-
examine the behaviour of p53 in cells expressing either
body XPH9 (Merrick et al., 1991). MDM2 was detected
only E1A or only the adenovirus E1B 54K protein to as-
using the monoclonal antibody 2A10—a kind gift from
sess the relative contribution made by each viral protein
Professor Arnold Levine, Princeton. Apoptosis-specific
to its stabilization.
protein (ASP) was detected using a rabbit antibody raised
Introduction of the E1B 54K gene into primary human
against a synthetic peptide equivalent to part of human
cJun (Oncogene Science; cJun Ab2) as described pre-
viously (Grand et al., 1995b). Protein expression in the
Ad12 E1B 54K-expressing HSF and HEK cells was as-
sessed using the same antibodies.
Subcellular fractionation following homogenisation in
isotonic sucrose was by the method described previously
(Grand and Gallimore, 1984) except that a rather more
rigorous homogenisation protocol was required to lyse
the fibroblasts. Experiments showing coimmunoprecipi-
tation of Ad12 E1B 54K protein with p53 were performed
as described previously (Grand et al., 1994). Analysis of
the multimeric status of p53 and Ad12 E1B 54K in the
various cell lines was by the procedure described pre-
viously (Grand et al., 1995c). Briefly, cytoplasmic and nu-
clear fractions obtained by differential centrifugation (fol-
lowing homogenisation in isotonic sucrose) were dia-
lysed against dilute phosphate buffer. This material was
subjected to density gradient centrifugation on 0–30%
(w/v) Nycodenz gradients in PBS containing 15 mM b-
mercaptoethanol. After overnight centrifugation at 47 and
150,000 g, approximately 24 (0.55-ml) fractions were ob-
tained from each tube. p53 and Ad12 E1B 54K proteins
were detected in each fraction by Western blotting. Gra-
dients were calibrated with proteins of known sedimenta-
tion coefficient and molecular weight as follows: thyro-
FIG. 2. Subcellular distribution of p53 and Ad12 E1B 54K proteins inglobulin (17S, 600K), catalase (10S, 230K), immunoglobu-
HSF 54K and infected A549 cells. Cells were homogenised in isotoniclin (7S, 150K), and serum albumin (5S, 65K) (Grand et al.,
sucrose and fractionated by differential centrifugation. Aliquots from1995c).
each subcellular fraction (containing 20 mg of protein) were electropho-
Chloramphenicol acetyl transferase (CAT) reporter resed on polyacrylamide gels and subjected to Western blotting with
assays were by the method already described (Grand et the antibodies pab 1801 (for p53) (left) or XPH9 (for Ad12 E1B 54K)
(right). Cells used were as follows: HSF 54K C (left and right, top row)al., 1995a) using a construct containing the polyomavirus
and E (left and right, second row), human skin fibroblasts expressingpromoter and the CAT gene located downstream of a
the Ad12 E1B 54K protein; HER2 (left and right, third row), Ad12 E1DNA sequence which binds p53 (Kern et al., 1992). A
HER2; inf A549, A549 cells infected with Ad12 dl620 and harvested 48
control construct containing a ‘‘mutated’’ DNA sequence hr postinfection (fourth row); A549, A549 cells without infection (bottom
which is not recognised by p53 was also transfected into row). Fractions: W, whole cell homogenate; N, nuclear fraction; Mi,
mitochondrial fraction; Me, membrane fraction; C, cytoplasmic fraction.cells. For the determination of p53 activity in response
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FIG. 3. Half-life of p53 in infected A549 cells and HSF 54K cells. (A) Half-life in infected and noninfected A549 cells. A549 cells were infected
with Ad12 dl620. 48 hr postinfection anisomycin was added. Anisomycin was also added to exponentially growing A549 cells. At various times cells
were harvested and subjected to Western blotting using the SAPU antibody (against p53). The relative intensities of the p53 band were determined
by densitometric scanning and plotted against time of anisomycin treatment. (Inset) An enlargement of the data obtained for noninfected cells. A
representative set of data is shown, although similar results were obtained in other experiments. (B) Half-life of p53 in HSF 54K C and E cells.
Anisomycin was added and cells were harvested after increasing times. Aliquots from each fraction (25 mg protein) were subjected to Western
blotting using pab 1801 (against p53). Time in hours after the addition of anisomycin is shown below each lane.
skin fibroblasts or embryo kidney cells does not elicit a using the mutant-specific antibody pab 240. For both the
HSF 54K C and E cell lines only a small proportion oftransformed or immortal phenotype, but does signifi-
cantly extend the life span in culture (P. H. Gallimore et the p53 was recognised (tracks 3 in Fig. 1B) compared
to that precipitated with pab 1801 (track 2) as has beenal., manuscript submitted). Expression of the adenovirus
protein causes a dose-dependent increase in level of noted for a number of Ad E1-transformed human cell
lines (Grand et al., 1993). In the latter case, the p53 genep53 (Figs. 1A and 4B). The two lines shown in Fig. 1A
are representative of a large number of either HSF or has been shown to be wild type by DNA sequencing
(Grand et al., 1993). We have therefore concluded thatHEK transfectants which have been produced (data not
shown). In all cases a close correlation was seen be- p53 is unlikely to be overexpressed in the HSF cell lines
as a result of mutation, although it should be noted thattween level of 54K protein and elevation in p53. Level of
expression of p53 in the uninfected HSF cells was very a few mutant proteins are not recognised by the pab 240
antibody. Additionally, our observation that these cellslow with the protein being barely detectable (data not
shown). To confirm that the extension of life span of the are not immortal and eventually senesce supports the
idea that the p53 present is wild type. The interactionHSF 54K cell lines was not due to mutation in the p53
gene, immunoprecipitation experiments were performed between the Ad12 E1B 54K protein and p53 in the HSF
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cell lines was demonstrated by coprecipitation experi- overall expression of p53 in A549 cells is appreciably
increased following infection with Ad12 dl620 [Grand etments as described previously (Grand et al., 1994). For
both the HSF 54K C and the HSF 54K E cell lines precipi- al., 1994]). Additionally, the stability of p53 seen in the
HSF cell lines expressing the E1B 54K protein is dramati-tation with an antibody raised against Ad12 E1B 54K
protein (XPH9) resulted in coprecipitation of p53 (Fig. 1C) cally increased when the viral protein is present. There
is relatively little decrease in p53 level over the courseas has been noted previously in Ad12 E1 transformants
(Grand et al., 1994).
Subcellular distribution of p53
In Ad12 E1-transformed cells p53 is expressed at high
level and is located predominantly in the nucleus (Zan-
tema et al., 1985a,b; Grand et al., 1993). To determine to
what extent this is due to the action of the Ad12 E1A or
Ad12 E1B 54K proteins, A549 cells infected with Ad12
dl620 and the HSF 54K C and E cells were fractionated
by differential centrifugation following homogenisation
in isotonic sucrose. Aliquots from the enriched nuclear,
mitochondrial, membrane, and cytoplasmic fractions
were subjected to PAGE and Western blotting. In the
HSF 54K cell lines both the Ad12 E1B 54K and the p53
proteins were detected predominantly in the cytoplasmic
fractions (Fig. 2) with less protein being seen in the nu-
cleus or other organelles. However, in uninfected A549
cells and in cells infected with mutant virus (i.e., express-
ing E1A) p53 was located mainly in the nucleus with only
relatively small amounts seen in the cytoplasm (Fig. 2).
Half-life of p53
The increase in level of p53 in response to adenovirus
E1 genes has been shown to be attributable to an in-
crease in half-life of the protein (van den Heuval et al.,
1990; Grand et al., 1993). To examine whether this was
due to the action of E1A and/or the E1B 54K protein, the
half-life of p53 was determined in A549 cells infected
with Ad12 dl620 and in the Ad12 E1B 54K-positive fibro-
blast cell lines.
FIG. 4. Relative transcriptional activity of p53 in cells expressingA549 cells were infected with Ad12 dl620 for 72 hr, by
Ad12 E1B 54K protein. (A) CAT activity in Ad12 E1B 54K cell lines. The
which time expression of wt p53 was high. Anisomycin CAT reporter and control constructs were transfected into human cell
(100 mM) was then added and cells were harvested at lines expressing the Ad12 E1B 54K protein or A549 cells as described
under Materials and Methods. After 72 hr cells were harvested and thetimes up to 33 hr (Fig. 3A—an enlarged version of the
CAT activity was determined. [14C]Chloramphenicol derivatives wereresults obtained for uninfected A549 cells is shown inset
separated by TLC and detected by autoradiography. The relative inten-in Fig. 3A). The HSF 54K C and E cell lines and uninfected
sities of the spots were determined by densitometric scanning. Cell
A549 cells were also treated with anisomycin. The level lines: 1 and 2, HSF 54K C and E, respectively; 3, HER 54K 1057; 4, 5,
of p53 present in these samples was determined by and 6, HEK 54K F, G, and L, respectively; 7, A549 cells; 8, A549 cells
infected with Ad12 dl620 and harvested 24 hr post infection. For eachWestern blotting and is shown in Figs. 3A and 3B. Densi-
cell line the solid column on the left represents the activity of the CATtometric scanning of samples from infected and nonin-
reporter construct linked to the p53-responsive element; the hatchedfected A549 cells allowed levels of relative expression
column on the right represents the activity of the CAT reporter linked
to be determined and the half-life calculated (Fig. 3A). It to a p53-unresponsive element. (B) p53 and Ad12 E1B 54K protein
can be seen that there is an increase in stability of p53 expression in the cells shown in A. Cell lysates (containing 25 mg
of protein) were subjected to polyacrylamide gel electrophoresis andin response to infection with Ad dl620 (a half-life of 2 hr
Western blotting using pab 1801 (for p53) or XPH9 (for Ad12 E1B 54Kcompared to 10 min in normal A549 cells, Fig. 3A). (It
protein). Protein expression in HSF 54K C and E (lines 1 and 2 in A)should be noted that the Western blot showing p53 ex-
is shown in Fig. 1. No Ad12 E1B 54K protein is present in cell lines 7
pression in uninfected cells was exposed for consider- and 8. HEK, primary human embryo kidney cells. Representative data
ably longer than that for the infected A549 cells—to are shown, although the experiments were performed several times,
yielding essentially similar results.facilitate densitometric scanning. As has been reported,
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FIG. 5. Transcriptional activity of p53 in A549 cells infected with Ad12 dl620. The CAT reporter construct was transfected into A549 cells which
were subsequently infected with Ad12 dl620. At various times postinfection cells were harvested and the CAT activity was determined (Materials
and Methods). Additionally, aliquots from each fraction (time point) were subjected to Western blotting and the level of p53 expression was
determined. Densitometric scanning of the TLC plates obtained after chromatography of [14C]chloramphenical derivates and Western blots (shown
at the bottom) allowed relative levels of p53 transcriptional activity and expression to be determined. These have been plotted against time of
infection. Representative data are shown, although the experiments were performed several times, yielding essentially similar results.
of the experiment (48 hr), giving a half-life in excess of positive human cell lines and in the infected A549 cells
is shown in Figs. 4 and 5, respectively. It can be seen2 days (Fig. 3B). On the basis of these data, we conclude
from the histogram presented in Fig. 4A that virtually nothat both the Ad12 E1A and the E1B 54K proteins are
p53 transcriptional activity was detected in the Ad12 E1Bcapable of stabilising p53 in human cells.
54K-positive fibroblasts (columns 1 and 2), retinoblasts
(column 3), and kidney cells (columns 4, 5, and 6) evenTranscriptional activity of p53 overexpressed in
though p53 was very abundant (Figs. 1 and 4B). Indeedresponse to E1A and E1B 54K proteins
activity was, in most cases, indistinguishable from that
As there appear to be two distinct mechanisms re- obtained from a reporter construct containing a ‘‘mutated’’
sponsible for the stabilisation of p53 following exposure p53-unresponsive promoter sequence. These data are
to the adenovirus E1 proteins, we considered that it was consistent with previous results obtained for Ad12 E1-
of some importance to establish whether the protein was transformed human and rodent cell lines (Grand et al.,
transcriptionally active in both cases. To this end a re- 1995a; and data not shown). On the other hand, when
porter gene (CAT) linked to a p53-sensitive promoter p53 levels were increased in response to E1A (by infec-
(Kern et al., 1992) was transfected into the HSF 54K- tion with Ad12 dl620) a dramatic increase in transcrip-
positive fibroblast cell lines (C and E) as well as into tional activity was seen (compare columns 7 and 8 in
Ad12 E1B 54K-positive HEK cell lines (F, G, and L) and Fig. 4A and tracks 7 and 8 in Fig. 4B) as has been noted
an HER cell line expressing the Ad12 E1B 54K protein. previously (Grand et al., 1995a). The increase in p53 tran-
Additionally, the construct was transfected into A549 scriptional activity coincided with the observed increase
cells which were subsequently infected with Ad12 dl620. in protein expression following infection of A549 cells as
At increasing times p.i. cells were harvested and the CAT demonstrated by the data presented in Fig. 5. That these
data are not explicable by differences in the efficiencyactivity was measured. CAT activity in the Ad12 E1B 54K-
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cells (Grand et al., 1995c). We have examined whether
such behaviour occurs in the systems studied here. Nu-
clear fractions from A549 cells and from A549 cells in-
fected with Ad12 dl620, and nuclear and cytoplasmic
fractions from HSF 54K C and E cells, were fractionated
on Nycodenz gradients as described under Materials
and Methods (Fig. 7). The sedimentation coefficient of
p53 obtained from the nuclei of A549 cells was about
13S with a corresponding molecular weight of 5 1 105
in reasonably good agreement with values recently re-
ported for p53 in HER cells (Steegenga et al., 1995). The
increased p53 present as a result of Ad12 dl620 infection
had a somewhat increased molecular weight (in excess
of 106) (Figs. 7A and 7B). This is comparable to values
reported previously for a proportion of the p53 present
in the nuclei of Ad12 E1-transformed cells (Fig. 7D, and
Grand et al., 1995c). Little or no p53 could be detected
in the cytoplasm of these A549 cells. When the Ad12 54K
FIG. 6. MDM2 expression in HSF Ad12 E1B 54K cell lines. Cell
E1B HSF cells were examined (Fig. 7C), p53 (and thelysates were fractionated on polyacrylamide gel and then subjected to
Ad12 E1B 54K protein) present in the cytoplasmic fractionWestern blotting using an antibody raised against MDM2 (2A10). Cell
lines: H2, Ad12 E1 HER2; H10, Ad12 E1 HER10; Fib, primary human had a sedimentation coefficient of 10S and a correspond-
fibroblasts; FC, HSF 54K C; FE, HSF 54K E. The positions of molecular ing molecular weight of approximately 2 1 105, similar
weight markers are shown on the left. to that seen for the cytoplasmic component present in
Ad12 E1-transformed cells (Fig. 7D and Grand et al.,
of transfection of the CAT reporter construct into recipient 1995c). Thus, it appears that nuclear p53 tends to migrate
cells was confirmed using a control luciferase construct with a high molecular weight, whereas the cytoplasmic
(data not shown). component has a much lower molecular weight similar
Expression of MDM2 is considered to be, at least to that reported earlier (Kraiss et al., 1988; Milner et al.,
partly, regulated by p53 (Juven et al., 1993; Wu et al., 1991; Sturzbecher et al., 1992; Grand et al., 1995c). How-
1993; Barak et al., 1993, 1994). In view of this, the level ever, there is a further increase in size of the p53 complex
of MDM2 in the HSF 54K C and E cell lines, in which in the nuclei of cells expressing Ad E1A or Ad E1A and
p53 expression was high but transcriptional activity very E1B proteins and this appears to be directly attributable
low, was determined. It can be seen from the Western to the action of the viral proteins (Figs. 7A and 7D).
blot shown in Fig. 6 that the 140K MDM2 component Whether this increase in molecular weight is due to inter-
was virtually undetectable, whilst it was prominent in action with nucleic acid or other proteins is not yet clear.
primary human fibroblasts and, although to a slightly
lesser extent, HERs transformed with Ad12 E1. Expres- Human cells infected with Ad12 dl620 do not
sion of the 100K protein, usually considered to be the
apoptose
primary MDM2 species, is similar or reduced in the HSF
54K lines compared to Ad E1 transformants (the level of It has previously been suggested that overexpression
the 100K MDM2 component is appreciably higher in the of p53 in response to E1A induces apoptosis in recipient
HSF 54KE cell line shown than in any of the other 54K- cells. The occurrence of apoptosis in A549 cells infected
only cells where expression is low and similar to that with Ad12 dl620 was therefore examined using two pro-
shown for HSF 54KC). A number of other human and cedures. It has recently been shown that a 45K protein,
rodent cell lines transfected with Ad12 E1B 54K DNA which we have termed ASP, is always expressed in
have also been examined for expression of MDM2 and apoptosing cells but never in viable (either resting or
in all cases a pattern similar to that of HSF 54K C was exponentially growing) cultures (Grand et al., 1995b).
observed (data not shown). From the Western blots presented in Fig. 8A it can be
Expression of MDM2 in A549 cells infected with Ad12 seen that no ASP was detected following infection with
dl620 has previously been shown to increase coinciden- Ad12 dl620, although it was apparent in cells infected
tally with the increase in p53 levels (Grand et al., 1995a). with Ad12 pm700 (which does not express the Ad12 E1B
Molecular weights of cytoplasmic and nuclear p53 19K protein) and in serum-starved adenovirus-trans-
present in Ad12 dl620-infected cells and Ad12 E1B formed rat cells (Fig. 8A, top, far right). Using the well-
54K HSFs established acridine orange staining method no apo-
ptotic cells were detected in A549 cells infected withBoth the p53 and the Ad12 E1B 54K proteins form high
molecular weight multimers in Ad E1-transformed human Ad12 dl620 (data not shown). Additionally, by phase-con-
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trast microscopy no differences could be seen between E1B 54K protein can also cause up-regulation of p53 a
series of human cell lines was produced by introductionuninfected and infected A549 cells, again suggesting that
the p53 expressed in response to infection with Ad12 of the gene encoding the Ad12 E1B 54K protein. Whilst
these cells are not immortal they have a greatly extendeddl620 does not induce apoptosis. It is presumed that the
low levels of Ad12 E1B 19K protein expressed following life expectancy in culture (P. H. Gallimore et al., manu-
script submitted). Ideally, the properties of p53 induceddl620 infection (Fig. 8B) are sufficient to provide the ob-
served protection. by E1A and E1B 54K proteins should be compared
against the same cellular background. This has, how-
ever, proved to be very difficult since infection of A549DISCUSSION
cells with an E1A-negative E1B 54K-positive mutant ade-
novirus leads to rapid down-regulation of p53 (Grand etIn order to compare the relative efficacy of the Ad12
al., 1994) and transfection of the Ad12 E1B 54K gene intoE1A and Ad12 E1B 54K proteins in increasing the levels
A549 cells gives rise to cell lines which are very slowof p53 two systems have been studied. Transient expres-
growing and are therefore unsuitable for biochemicalsion of E1A following infection of human cells with the
study (our own unpublished data). It has, however, beenAd12 E1B mutant virus dl620 has previously been shown
shown previously that these latter cells do express in-to give a 40-fold increase in p53 level (Grand et al., 1994),
creased levels of p53 (Grand et al., 1993). We have there-although it should be remembered that permanent Ad12
fore had to compromise and make use of the mutantE1A-transformed rodent cell lines and Ad E1A plus acti-
adenovirus for E1A-induced up-regulation of p53 and thevated ras-transformed human cell lines express relatively
transfected HSF and HEK cells for E1B 54K induction. Alow levels of p53 (Grand and Gallimore, 1986; Mak et al.,
1988; Grand et al., 1993). To examine whether the Ad12 further drawback of the use of dl620 is that other viral
FIG. 7. Behaviour of p53 and the Ad12 E1B 54K protein during density gradient centrifugation. Density gradients were 0–30% Nycodenz (w/v) in
phosphate-buffered saline containing 15 mM b-mercaptoethanol. After overnight centrifugation at 150,000 g aliquots from each fraction were
subjected to SDS–PAGE and Western blotting with antibodies against p53 (left) or Ad12 E1B 54K protein (right). Fraction numbers are indicated
under each segment. Fractionation of the following cell lines and organelles are shown: (A) nuclear fraction from A549 cells infected with Ad12
dl620, (B) nuclear fraction from A549 cells, (C) cytoplasmic and nuclear fractions from HSF 54K C cells (no p53 was detected in the nuclear fraction),
and (D) cytoplasmic and nuclear fractions from Ad12 E1 HER2 cells.
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is achieved remains unknown at present. It might be
expected that because the half-life of p53 is much longer
in the HSF 54K cells than in Ad12 dl620-infected cells,
the steady-state levels of p53 would be greater. Whilst
this is the case for some lines (e.g., HSF 54KE in Fig. 1)
it is not invariably so (e.g., HSF 54KC in Fig. 1). It may
be that factors other than protein half-life have a bearing
on p53 level. The stability of mRNA and rate of translation
could also be influential, although these parameters have
not been examined in the current work. Also it appears
that in the HSF 54K cells the amount of Ad12 E1B 54K
protein may be a determining factor, stabilising only a
limited number of p53 molecules.
p53 expressed as a consequence of the action of E1A
is transcriptionally active, being able to increase expres-
sion of a reporter construct linked to a p53-sensitive
element as well as a gene (MDM2) which is considered
to be, at least partially, p53-regulated (Barak et al., 1993;
Juven et al., 1993; Wu et al., 1993). As p53 and MDM2
FIG. 8. Apoptosis in cells infected with Ad12 dl620. A549 cells were interact, it has been suggested that binding abolishes
infected with Ad12 dl620, Ad12 pm700, or Ad12 wt and harvested at the ability of p53 to transactivate, giving rise to an auto-
various times after the addition of virus as indicated. (A) Aliquots from regulatory feedback loop (Wu et al., 1993). There is littleeach fraction were subjected to PAGE and Western blotting using an
support for this idea in the data presented here as theantibody against cJun but which recognises the apoptosis-specific pro-
tein ASP. C, control uninfected A549 cells; SF, control serum-free cells transcriptional activity of p53 remains high, even after
induced to apoptose and expressing high levels of ASP. (B) Western MDM2 expression has increased appreciably (Fig. 5 and
blot of A549 cells infected with Ad12 dl620 or Ad12 wt showing the Grand et al., 1995a). Consistent with our observations, it
expression of Ad12 E1 proteins. Time of infection is indicated under
has been reported that p53 and MDM2 expression iseach track. Virus used is shown over the tracks. C, control uninfected
independently regulated during proliferation of 3T3 cellsA549 cells. Tracks 2, 3, and 4, infected with Ad12 dl620; tracks 5 and
6, infected with Ad12 wt. E1 proteins were detected using a rat tumour- (Mosner and Deppert, 1994). It appears therefore that
bearer serum. p53 expressed in response to E1A behaves quite unlike
the protein in Ad-transformed cells and more like p53 in
certain untransformed cultures. In contrast, the introduc-early region proteins may be expressed at low level and
tion of the Ad12 E1B 54K protein into human cells causescould, theoretically, exert an influence on the biochemis-
relocation of p53 to the cytoplasm, an increase in half-try of the cell. Whilst it has been demonstrated unequivo-
life many fold greater than that observed even in thecally that E1A is responsible for the increase in p53 ex-
presence of E1A, and a neutralisation of any p53 tran-pression (Lowe and Ruley, 1993; Grand et al., 1994), it
scriptional activity. It is not known whether these effectscannot be totally discounted that other viral early proteins
on p53 are attributable to its direct interaction with theaffect the properties of p53, although no evidence of this
adenovirus E1B 54K protein or to novel mechanismshas so far been presented. (No viral late proteins are
which are not yet understood.expressed after infection with Ad12 dl620 [Breiding et
In neither of the cellular systems examined here doal., 1988]).
the high levels of p53 cause apoptosis. This is probablyThe properties of p53 in E1A- and 54K-positive systems
not surprising as in both cases one or other of the Ad12have been examined and show a number of notable dif-
E1B proteins is expressed. Thus, small amounts of theferences, even though the protein is wild type in both
19K E1B protein detected in Ad12 dl620-infected A549cases (Fig. 1). A previous report had suggested that p53
cells (Fig. 8, track 3) and of the Ad12 E1B 54K protein inhad an extended half-life in rat cells transfected with an
the HSF and HEK lines appear to be able to render anyAd E1A gene (Lowe and Ruley, 1993). Similar results are
p53 incapable of inducing apoptosis. It has recently beenreported here for human cells infected with Ad12 dl620.
suggested that p53-mediated transcriptional repressionAs far as we can judge, this stabilisation is not attribut-
(rather than activation) is essential for apoptosis and thatable to direct complex formation between the viral and
the Ad E1B 19K protein is capable of inducing cell sur-cellular proteins (data not shown) nor to an increase in
vival by neutralising this activity (Sabbatini et al., 1995).level of transcription of the p53 gene (Lowe and Ruley,
The data presented here are quite consistent with this1993; and our data not shown). It seems likely that E1A
idea insofar as high concentrations of transcriptionallyis able to interfere with the host cell’s protein degradation
system in some way, although the means by which this active p53 have little effect on cell viability even over
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TABLE 1
Properties of p53 in the Presence of Adenovirus 12 E1 Proteins
Properties of p53
Transcriptional
Adenovirus protein Level of protein Subcellular activity (level Level of MDM2
present expression Half-life localisation of activity) expression Reference
E1A (transiently Increased greatly 2 hr Nuclear Active (high) Increased greatly This work and Grand
expressed) in the et al., 1994, 1995a
presence of small
amounts of E1B
19K
E1A only (established Low 30 mina Nuclear a Active but low Normalb Grand et al., 1993,
cell lines) 1995a
E1A only (established High 2 hr Nuclear ND ND Lowe and Ruley, 1993
REF-derived cell
lines and
transiently
transfected cells)
E1A / E1B 19K Low 30 mina Nuclear a Active but low Normalb Grand et al., 1993
(established cell
lines)
E1B 54K (in Increased greatly 24 hr Predominantly Inactive Decreased This work
established but not cytoplasmic
immortalised cell
lines)
E1A / E1B 19K and Increased greatly Biphasic Predominantly Active but low Normalb Grand et al., 1993,
54K (established (1 component nuclear 1995a
cell lines) 1 hr the
other 24 hr)
a E. Hammond and R. Grand, unpublished observations.
b ‘‘Normal’’ indicates a level or activity comparable to that seen in primary cells.
ND, not determined.
prolonged periods (up to 10 days) in the presence of 19K behaves more like the mutant protein—being largely
cytoplasmic in location, transcriptionally inactive andprotein.
In the Ad12 E1B 54K cell lines, p53 appears to be with a very long half-life (see, for example, Zambetti and
Levine, 1993, for review) (Table 1). p53 in the Ad12 E1Bcompletely inactive—such that no activation of the CAT
reporter construct could be detected. This may be con- 54K HSF cells migrates on the density gradients only in
the ‘‘low molecular weight form’’ (equivalent to a tetra-trasted with adenovirus E1 transformants where the p53
has some limited ability to transactivate (Grand et al., mer), indicating that it does not undergo the interactions
which give rise to the very high molecular weight com-1995a). These data may go some way towards explaining
the observation that MDM2 levels are very low in the plexes seen in Ad12 E1 transformants (Grand et al.,
1995c). Interestingly, these complexes are also not ap-Ad12 E1B 54K human cells (Fig. 6) and in a large panel
of rat cell lines expressing the Ad12 54K protein in the parent in uninfected A549 cells, nor in other cell lines
(see, for example, Sturzbecher et al., 1992; Milner et al.,absence of Ad E1A (data not shown). It is possible that
expression of Ad E1A is essential for the low, but detect- 1993). Thus, it may be that they are a direct result of
overexpression of p53 in response to Ad E1A action,able, levels of p53 transcriptional activity seen in adeno-
virus E1 transformants, even in the presence of the larger possibly indicative of binding to other large cellular com-
ponents.E1B protein (Grand et al., 1995a).
The nuclear location of p53 following infection with In the two systems described here, data obtained from
the use of the Ad12 mutant virus has shown that E1A inAd12 dl620 is similar to that seen in Ad E1-transformed
cells (Grand et al., 1993), as is the behaviour of p53 on human cells can stimulate the synthesis of transcription-
ally active p53, whilst the expression of E1B 54K proteinthe density gradients (Fig. 7 and Grand et al., 1995c),
suggesting that E1A may exert a major influence on the completely inhibited p53 transcriptional activity. This
phenomenon would be expected to be a crucial featurefate of p53 following overexpression in Ad12 E1 trans-
formants (summarised in Table 1). The p53 expressed of Ad12-induced transformation and tumourigenesis. Su-
perficially, however, it would appear that these eventsas a consequence of the influence of Ad12 E1B 54K
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Comparison of transforming frequencies. Cancer Res. 45, 2670–have little relevance to what occurs during wt viral infec-
2680.tion in vivo since it is well established that following
Gallimore, P. H., Grand, R. J. A., and Byrd, P. J. (1986). Transformationexpression of the larger E1B and E4 proteins, cellular of human embryo retinoblasts with Simian virus 40, adenovirus and
mRNA transcription is reduced to a very low level in ras oncogenes. Anticancer Res. 6, 499–508.
favour of viral transcripts (Stillman, 1986). However, in a Grand, R. J. A., and Gallimore, P. H. (1984). Adenovirus type 12 early
region 1 proteins: A study of their subcellular localization and pro-natural infection where the multiplicity of infection would
tein–protein interactions. J. Gen. Virol. 65, 2149–2166.probably be low and the target cell not cycling, the first
Grand, R. J. A., and Gallimore, P. H. (1986). Modulation of the level ofrounds of viral replication would be expected to be pro-
expression of cellular genes in adenovirus 12-infected and trans-
tracted with the expression of the E1B and E4 proteins formed cells. EMBO J. 5, 1253–1260.
appearing appreciably later than in cells infected in tis- Grand, R. J. A., Grant, M. L., and Gallimore, P. H. (1994). Enhanced
expression of p53 in human cells infected with mutant adenoviruses.sue culture. During this phase, E1A induction of tran-
Virology 203, 229–240.scriptionally active p53 and subsequent up-regulation of
Grand, R. J. A., Lecane, P. S., Owen, D., Grant, M. L., Roberts, S., Levine,MDM2 might contribute to S-phase progression as the
A. J., and Gallimore, P. H. (1995a). The high levels of p53 present inlatter protein has recently been shown to bind to, and adenovirus early region 1-transformed human cells do not cause up-
stimulate the transcriptional activity of, E2F1/DP1 (Martin regulation of MDM2 expression. Virology 210, 323–334.
et al., 1995). Additionally, MDM2 also binds to pRB, inhib- Grand, R. J. A., Lecane, P. S., Roberts, S., Grant, M. L., Lane, D. P., Young,
L. S., Dawson, C. W., and Gallimore, P. H. (1993). Overexpression ofiting its growth regulatory function (Xiao et al., 1995).
wild-type p53 and c-Myc in human foetal cells transformed with
adenovirus early region 1. Virology 193, 579–591.
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